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The axial musculature of many fishes generates the power for both swim-
ming and suction feeding. In the case of the epaxial musculature,
unilateral activation bends the body laterally for swimming, and bilateral
activation bends the body dorsally to elevate the neurocranium for suction
feeding. But how does a single muscle group effectively power these two
distinct behaviours? Prior electromyographic (EMG) studies have identified
fishes” ability to activate dorsal and ventral epaxial regions independently,
but no studies have directly compared the intensity and spatial activation
patterns between swimming and feeding. We measured EMG activity
throughout the epaxial musculature during swimming (turning, sprinting,
and fast-starts) and suction feeding (goldfish and pellet strikes) in large-
mouth bass (Micropterus salmoides). We found that swimming involved
obligate activation of ventral epaxial regions whereas suction feeding
involved obligate activation of dorsal epaxial regions, suggesting regional
specialization of the epaxial musculature. However, during fast-starts and
suction feeding on live prey, bass routinely activated the whole epaxial mus-
culature, demonstrating the dual function of this musculature in the highest
performance behaviours. Activation intensities in suction feeding were sub-
stantially lower than fast-starts which, in conjunction with suboptimal
shortening velocities, suggests that bass maximize axial muscle performance
during locomotion and underuse it for suction feeding.

1. Introduction

For over 500 million years, axial musculature has been integral to the undula-
tory locomotion of fishes. After 200 million years of functioning as a
locomotor structure [1,2], many fishes co-opted the axial musculature for
high-performance suction feeding [3-5] and integrated the cranial feeding
apparatus with the post-cranial musculature. Although outsourcing power to
the trunk muscles enabled fishes to generate powerful cranial expansion, it
placed new mechanical demands on the axial musculature since, unlike loco-
motion, which involves lateral flexion of the trunk and tail, suction feeding
involves dorsiflexion of the head and caudoventral rotation of the pectoral
girdle. So how do fish modulate contraction patterns of the axial musculature
to produce both swimming and suction feeding?

One possibility is that each of the two behaviours uses different regions within
the epaxial and /or hypaxial musculature. In this study, we focused on the epaxial
musculature, but a parallel study of hypaxial musculature, particularly in a
species that relies heavily on hypaxial musculature for suction feeding (e.g. cat-
fishes) [6] would also be interesting. For epaxial regionalization, a common
view has been that the epaxial musculature just behind the head generates
power for suction feeding [7-9], while the remainder of axial musculature is
used primarily for locomotion [10-12]. It was only recently discovered that the
axial musculature in some fishes generates over 95% of the power for suction feed-
ing [13,14]. This expansion power originates from muscle shortening in the cranial
two-thirds of the body, which comprises over 70% of the white axial muscle mass
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[15]. Consequently, swimming and suction feeding appear
to use much of the same muscle mass to generate power,
challenging the notion of a craniocaudal division of labour.

We reviewed prior studies on the activation of the epaxial
musculature in swimming and suction feeding in largemouth
bass [16,17] and synthesized their findings to develop a new
hypothesis. We propose that fishes modulate muscle function
by selectively activating ventral regions of the epaxial muscu-
lature for swimming and dorsal regions for suction feeding.
We developed this hypothesis based on the following electro-
myographic (EMG) evidence. In bass, suction feeding always
activated muscle in the dorsal epaxial regions between 0.15
and 0.25 body lengths (BL), while the ventral regions
remained inactive [17]. By contrast, burst swimming (i.e. loco-
motor behaviours that activate the white musculature) always
activated muscle in the ventral epaxial regions near the tail at
approximately 0.75BL [16]. Activation of dorsal epaxial
regions seemed to depend on the type of burst swimming
[16]. For example, fishes consistently activated all epaxial
regions when performing rapid escape and predatory
manoeuvres (i.e. fast-starts); however, they activated only the
ventral epaxial regions for sprinting, leaving the dorsal regions
inactive ([16]; also see [12] for similar results in trout). These
studies speculated that differences between sprints and fast-
starts produced these recruitment patterns, but they did not
quantify the relationship between performance and muscle
activation patterns.

These studies provide a glimpse into the potential contri-
butions of motor control to the dual function of the epaxial
musculature, but several factors preclude our ability to
draw conclusions from the existing data with confidence.
Firstly, the swimming studies did not measure how fre-
quently muscle activity was observed in different regions.
Secondly, Thys [17] did not measure suction feeding perform-
ance, and the swimming studies did not measure and
compare performance within and between locomotor beha-
viours. Finally, methodological differences among these
studies prevent quantitative comparisons of the intensity
and spatial patterns of activation between swimming and
suction feeding (e.g. electrode construction, different animals,
different sampling distributions).

The goal of this study is to test our functional regionaliza-
tion hypothesis by quantifying and comparing the regional
contributions of the axial musculature to burst swimming
and suction feeding in largemouth bass. Using electromyo-
graphy, we measured electrical activity in the epaxial
musculature to identify which regions are active during
low- and high-performance locomotion and feeding. Electro-
des were implanted in the dorsal and middle positions of the
epaxial musculature in three longitudinal positions known to
generate power for swimming and/or suction feeding. An
additional electrode was placed in the ventralmost epaxial
region of the cranialmost and midbody positions (figure 1a).
We also quantified suction feeding performance with an
intraoral pressure transducer and evaluated swimming
performance with high-speed video.

2. Material and methods

(a) Animals
Bass were purchased from Hickling’s Fish Farm located in
Edmeston, New York. Fish were kept at Brown University and
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Figure 1. Anatomy of the axial musculature and electrode placement. (a)
Lateral view of a largemouth bass showing the serially repeating segments
of W-shaped myomeres of the axial musculature. Blue dots represent elec-
trode placement in three longitudinal positions: cranial (0.35 BL), midbody
(0.50 BL), and caudal (0.70 BL). (b) Cross-sectional view of the axial muscu-
lature, showing the relative proportions and distributions of red and white
muscle fibres. (c) Lateral view of a myomere showing the three subregions
of the dorsal epaxial region considered in this study. APC, anterior-pointing
cone; DPA, dorsal-pointing arm; PPC, posterior-pointing cone. (Online version
in colour.)

fed a mixed diet of goldfish and carnivore pellets. Standard
lengths for bass 01, 02, and 04 were 245 mm, 247 mm, and
259 mm, respectively. All husbandry and experimental pro-
cedures complied with Brown University IACUC protocol
#1509000157.

(b) Experimental design

To detect disparities in muscle activity related to function and
performance, we recorded EMGs during swimming and suction
feeding in largemouth bass at different performance intensities.
To elicit variable feeding performance, we alternated between
feeding pellet food and live goldfish and quantified intraoral
pressure changes to measure the effects of food type on perform-
ance. We elicited three types of burst swimming—turns, sprints,
and fast-starts. All three burst swimming behaviours use white
muscle fibres, but they differ in their mechanics and intensities.
We categorized turning and sprinting as lower-performance
behaviours and fast-starting as a high-performance behaviour.

Trials were filmed from a dorsal view with a GoPro camera
at either 60 or 100 frames per second. To synchronize video
with EMG and pressure data, a computer monitor displaying
real-time EMG and pressure recordings was positioned in the
camera’s field of view. Video, EMG, and pressure data for this
publication have been deposited in the ZMAPortal (zmaporta-
Lorg) in the study ‘Largemouth bass feeding and swimming
EMG’ with permanent ID ZMA17. Video data are stored in
accordance with best practices for video data management in
organismal biology [18].

Bass were generally fed goldfish and pellets in alternating
order to ensure that differential performance was associated
with food type and not with satiation. To ensure that muscle
activity during suction feeding was not confounded with
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locomotor activity, we used video footage to exclude trials in
which any ipsilateral flexion (relative to the electrodes) of the
body is concurrent with the strike. We recorded tail beat frequen-
cies comparable to the maximum frequencies recorded in other
fish species [19,20] similar in size to our bass (245 mm,
247 mm, and 259 mm), suggesting that we indeed elicited
strong sprinting performance.

(c) Intraoral pressure recordings

To measure intraoral pressure, we surgically implanted a cannula
onto the buccal cavity under anaesthesia with buffered tricaine
methanesulfonate [21]. All fish were given a minimum one-week
recovery period after surgery. On the day of experimentation, the
pressure transducer was threaded into the cannula until the sensor
was partially exposed to the oral cavity.

Prior studies and our pressure data justify the classification of
pellet and goldfish strikes as low- and high-performance beha-
viours, respectively. Pellet and goldfish strikes in our study
produced significantly different peak pressures, as has been pre-
viously reported in multiple studies [8,21]. Two-way ANOVA
revealed no significant effect of individual on peak pressure and
pooled data from all three individuals showed bass produce signifi-
cantly greater (p <0.05) pressure differentials for goldfish than for
pellets (electronic supplementary material, figure S1). Furthermore,
we elicited peak pressures comparable to those measured in bass
in at least two other studies [21,22], suggesting that we elicited
maximal or near-maximal suction feeding performance.

(d) Electromyography
Bipolar electrodes were constructed from 0.1 mm diameter,
enamel-insulated silver wire. We glued together the last 10 cm
of each wire pair along their length with cyanoacrylate and
removed approximately 1 mm of insulation from the tip of
each wire at the glued end. At the exposed end, we separated
the last 3 mm of wire into a “V’ shape and bent them back to
form recurved anchoring hooks. Each bipolar electrode was
placed inside a 23-gauge hypodermic needle, with the hooked
end resting on the bevelled opening of the needle. Electrodes
were percutaneously implanted through the soft tissue between
the scales to a depth halfway between the skin and the mid-
sagittal plane. Once all the electrodes had been implanted, they
were glued together to form a common cable. The common
cable was secured onto the skin with sutures in two locations
to relieve any tension from the electrodes and to prevent them
from dislodging from the animal. Connector pins were soldered
onto the exposed ends of the wire once the electrodes had been
implanted and the fish had been returned to its tank.
Electrodes were implanted in a total of eight positions in each
bass. The cranialmost of the longitudinal positions (0.35, 0.50,
and 0.70 BL) was implanted with three electrodes corresponding
to the different dorsoventral regions of the epaxial musculature—
the dorsal-pointing arm (DPA), the posterior-pointing cone
(PPC), and the anterior-pointing cone (APC; figure 1). The data
from all body regions include values from all three bass, with
the exception of both the DPA and PPC of the midbody, for
which we collected data from only two out of three individuals
(see electronic supplementary material, figure S2 for electrode
sampling distribution). Immediately after collecting data, bass
were CT (computerised tomography) scanned with an in vivo
veterinary CT scanner to confirm electrode placement (Animage
Fidex scanner; isovolumetric voxels 0.15 mm).

(e) Signal filtering and processing

Electromyograms were amplified by 10000 (A-M systems,
differential AC amplifier, model 1700, Everett, WA, USA) with
low- and high-pass hardware filters set to 10 kHz and 100 Hz,

respectively. A 60 Hz hardware notch filter was also used to n

reduce noise from ambient AC circuits. Analogue to digital con-
version was done using PowerLab data acquisition hardware at a
sampling frequency of 10 kHz, and EMGs were recorded in Lab-
Chart (AD Instruments, Sydney, Australia). Raw EMG signals
were rectified and software-filtered using the biosignalEMG
package for R-studio [23]. Raw data were processed with a but-
terworth filter with low- and high-pass settings of 100 Hz and
1 kHz, respectively. Using the envelope function in biosignalEMG,
we created an envelope around the filtered data using a moving
average with a window size set to 15 points. For each channel, we
selected a raw voltage value for considering whether a muscle
was active or inactive; muscles that exceeded this voltage value
were considered to exhibit above-threshold muscle activity
(ATMA). To minimize bias, threshold voltage was selected by
visually comparing several (but not all) trials with different
levels of muscle activity. We then selected a voltage value that
seemed to represent the minimum threshold for active muscle
and applied that value consistently, including trials that we did
not visually examine for setting the threshold values. We calcu-
lated activation intensity by normalizing voltages for all
behaviours to maximum voltage measured by each electrode
across all behaviours or within each behaviour (feeding or swim-
ming; as noted in figure legends). The highest intensities always
occurred during fast-starts, so intensities within each electrode
were normalized to the highest fast-start value, except when
normalizing within the feeding behaviours.

(f) Statistics

Statistical analyses, including linear regressions, ANOVAs, Tukey
post hoc tests, and t-tests were performed in R using its native
functions. ANOVAs with significant results were followed up
with Tukey’s HSD (honest significant difference) post hoc tests.
For all tests, a p-value < 0.05 was considered statistically significant.

3. Results

(a) Variation of spatial activation patterns
The presence of above-threshold muscle activity (ATMA) in
the epaxial musculature at 0.35 and 0.50 BL varied with
food type (figure 2a). The dorsal-pointing arm (DPA; the
dorsal epaxial region) at the cranial position (0.35 BL) was
active for 100% of goldfish and pellet strikes, indicating that
muscle activity in the cranial DPA, in contrast to the midbody
and caudal DPA, is obligate during suction feeding. Further-
more, the cranial and midbody anterior-pointing cones (APC;
the ventral epaxial region) were active for goldfish strikes sig-
nificantly more often than for pellet strikes (cranial: 79%
versus 42%; midbody: 63% versus 35%; paired t-test:
p <0.05). ATMA percentages for the cranial and midbody
posterior-pointing cone (PPC; the middle epaxial region)
were intermediate to those of the DPA and the APC, and
though not statistically different, two out of three bass
recruited the cranial PPC and all individuals recruited the mid-
body PPC more often for goldfish strikes. Despite variation
across individuals, each bass—with the exception of bass02’s
cranial PPC where ATMA percentages were 100% for both
food types—recruited ventral muscle regions (PPC and APC)
more frequently for goldfish strikes compared to pellet strikes.
In contrast to suction feeding, the relationship between
burst swimming performance and regional activation was
spatially inverted along the dorsoventral axis (figure 2b). In
all three bass, burst swimming elicited muscle activity from
the cranial and midbody APC for all performance levels
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Figure 2. Per cent of trials with ATMA for different behaviours across different epaxial regions. Each plot shows a different anatomical region where the top row is
dorsal and the left column is cranial. Each bar is the mean + s.e.m. of the percentage values from all three individuals (except for swimming behaviours in the
midbody region where N = 2). For feeding behaviours, data from successful and unsuccessful strike attempts are both included in this analysis. (a) Cranial region at
0.35 BL, (b) midbody region at 0.50 BL, and (c) caudal region at 0.70 BL. APC, anterior-pointing cone; DPA, dorsal-pointing arm; PPC, posterior-pointing cone; S1,

stage 1; S2, stage 2. (Online version in colour.)
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Figure 3. Normalized muscle activation intensity in three dorsoventral regions at 0.35 BL. Activation intensities were normalized to the peak fast-start voltage (the
highest voltages) recorded from each electrode. Dorsoventral regions are separated by row and different individuals are separated by column. For feeding behaviours,
only data from successful strikes are included in this analysis. Each coloured box includes a horizontal line (median value) that separates the second (top) and third
(bottom) quartiles, while the top and bottom error bars are the first and fourth quartiles, respectively, and individual points are outliers. AP, anterior-pointing cone;
DPA, dorsal-pointing arm; PPC, posterior-pointing cone; S1, stage 1; S2, stage 2. (Online version in colour.)

and behaviour types. Compared to the APC, the cranial, mid-
body, and caudal PPC had slightly lower ATMA
percentages—though still above 75%—for turns, sprints, and
stage-2 fast-starts. In the cranial, midbody, and caudal DPA,
ATMA percentages for turns and sprints fell between 40
and 65% but remained at 100% for both stages of fast-starts.

Muscle activation varied with longitudinal position
for feeding, but not for burst swimming (figure 2). ATMA
percentages for suction feeding generally decreased cranio-
caudally, while ATMA percentages for burst swimming
behaviours remained relatively similar. For example, gold-
fish strikes were similar in the cranial and midbody DPA
(greater than 90%), but decreased significantly in the

caudal DPA (paired t-test: p <0.05). ATMA percentages for
high-performance swimming were always 100%, indicating
that the epaxial muscle was active in all longitudinal and
dorsoventral positions for stage-1 and -2 fast-starts. The
remainder of the results section addresses data exclusively
from the cranial region at 0.35 BL.

(b) Effects of activation intensity on performance

We found a relationship between behaviour and peak muscle
activation intensity, calculated as per cent of the peak fast-
start voltage (the highest voltages) measured from each
electrode (figure 3). Mean activation intensities in the DPA
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Figure 4. Effects of muscle activation at 0.35 BL on (a) sprinting and (b) suction feeding performance. Weighted activation intensity was calculated by normalizing
each electrode to the max voltage measured for the corresponding behaviour (feeding or sprinting), weighing the normalized intensity from each dorsoventral
region by its percentage of epaxial cross-sectional area, and adding all the weighted values. Data from successful and unsuccessful strike attempts are both included
in (b). Circles, bass01; triangles, bass02; squares, bass04. Regression equations, R? values, and p-values in electronic supplementary material, table S1. (Online

version in colour.)

were generally lowest for sprints and turning manoeuvres
(5-13%; range of means across individuals), intermediate
for pellet and goldfish strikes (6-58%), slightly higher in
stage-2 fast-starts (17-65%), and highest in stage-1 fast-
starts (56-63%). In both the PPC and APC, feeding strikes
had substantially lower mean activation intensities than
stage-1 (45-86%) and stage-2 (21-56%) fast-start intensities.
Mean activation intensities in the PPC and APC were
lowest in strikes (0-17%), intermediate in sprints and turning
manoeuvres (8-30%), and highest in stage-1 and -2 fast-starts
(45-86%).

We performed a multifactorial ANOVA and found that
individual, muscle region, behaviour, and interactions
between these factors all had a significant effect on activation
intensity—with the exception of muscle region, which con-
sidered alone did not have a significant effect. Within each
individual, food type had no significant effect on activation
intensity. Muscle activation intensity was variable between
individuals, but showed a general trend of very high recruit-
ment for fast-starts relative to other behaviours (figure 3). In
all three muscle regions for all individuals, stage-1 fast-starts
used significantly higher activation intensities than sprints,
turns, and suction feeding, with the exception of the DPA
in bass02 where goldfish strikes and stage-1 fast-starts were
not statistically different. Suction feeding (both food types)
always used activation intensities statistically similar to or
greater than sprints and turns.

Continuous performance variables for swimming and
suction feeding were significantly correlated with weighted
activation intensity, which estimates the number of active
muscle fibres (figure 4 and electronic supplementary
material, table S1). Weighted activation intensity was
strongly correlated with the tail beat frequency of sprinting
(figure 4a; bass01: R%=0.68; bass02: R?>=0.67; bass04: R?=
0.66), and somewhat less strongly correlated with peak
pressure for all strikes—including failed attempts (figure 4b;
bass01: R?=0.19; bass02: R?=0.43; bass04: R%=0.50: see elec-
tronic supplementary material, figure S3 for midbody feeding
data). Weighted activation intensity takes the activation
intensity for each electrode and multiplies it by the cross-

sectional area of its corresponding region. The sum of the
values was then divided by the total cross-sectional area of
the epaxial muscle to generate an estimate of the percentage
of muscle fibres active within the entire cross-sectional area.

4. Discussion

(a) Functional regionalization

Bass modulated function and performance by adjusting the
regional distribution of muscle recruitment while also vary-
ing muscle activation intensity (figure 5). Bass recruited
distinct epaxial regions depending on whether they were
swimming or suction feeding (figure 5a,c), yet they remained
fully capable of recruiting all three dorsoventral regions for
high-performance behaviours (figure 5b,d). Bass also used a
wide range of activation intensities within and among beha-
viours, reflecting the different mechanical demands of each
behaviour and the range of intensities at which they were per-
formed (figure 3). This was evident in sprinting and suction
feeding behaviours where continuous performance variables
correlated strongly with weighted activation intensities
(figure 4; electronic supplementary material, figure S3). Suction
feeding required contributions from more muscle fibres to pro-
duce greater peak pressures during buccal expansion [22], and
sprinting required contributions from more muscle fibres to
increase tail beat frequency and swim more quickly [24]. We
surmise that the dual function of the axial musculature for
both swimming and suction feeding depends on the ability
to produce these distinct activation patterns.

The dual function of the epaxial musculature was pro-
duced primarily through dorsoventral regionalization, and
these regionalized activation patterns are consistent with
the neuroanatomy of this musculature. Axial muscle fibres
in fishes are innervated by both primary and secondary
motoneurons [25]. Primary motoneurons innervate large ter-
ritories of muscle fibres and receive input from Mauthner
neurons which can produce complete activation of the axial
musculature [24,26-28]. In comparison, secondary motoneur-
ons innervate smaller, overlapping territories of muscle fibres
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Figure 5. Diagrammatic representation of the intensities and spatial distri-
butions of muscle activity associated with different behaviours and
performance. Lower-performance feeding (a) uses only the dorsalmost
region at moderate intensities. Higher-performance feeding (b) recruits the
dorsal and ventral regions at high and moderate intensities, respectively.
Lower-performance burst swimming (c; sprinting) typically uses only the
ventralmost region at moderate intensities (20-40% full activation). High-
performance burst swimming (d; fast-starts) maximally recruits the entire
epaxial muscle mass. Feeding activation is expected to be bilateral (although
this study used only unilateral electrode sampling), whereas swimming acti-
vation is primarily unilateral. (Online version in colour.)

that can produce graded activation of the axial musculature
[24,26,28,29]. This dual innervation allows primary moto-
neurons to activate the entire axial musculature at higher
intensities during fast-starts, while still permitting secondary
motoneurons to activate the dorsal and ventral epaxial
regions independently at lower intensities during non-fast-
start behaviours. Interestingly, prior studies suggest that
regional activation of the hypaxial musculature may mirror
epaxial motor patterns. Hypaxial motoneuron distributions
are similar to those of the epaxial musculature [25], and
experimental data shows decoupled activity of different
regions in the post-anal hypaxials of largemouth bass
during locomotion [16]. Although these studies documented
the independent activation of myomeric regions [12,16,17],
here, we tested and confirmed their functional significance
for both swimming and suction feeding.

(b) Epaxial contributions to suction feeding

Our data indicate that both dorsal and ventral epaxial regions
in the cranial two-thirds of the body can contribute to high-
performance suction feeding. Dorsal regions were nearly

always active and used higher intensities than ventral regions [ 6 |

(figures 2 and 3). The ventralmost region in the cranial and
midbody positions was active for 70% of goldfish strikes
and—despite having significantly lower activation intensi-
ties—could still contribute to power output owing to the
relatively large cross-sectional area of the APC (figure 4; elec-
tronic supplementary material, figure S3). In terms of mass
and cross-sectional area, the DPA was the smallest while
the APC was the largest—having a cross-sectional area over
twice as large as the DPA. Owing to their size and/or acti-
vation intensities, both dorsal and ventral regions appeared
to contribute to high suction power during buccal expansion.

Our finding of full epaxial activation offers insight into
epaxial mechanics in high-performance suction feeding.
Epaxial mechanics have previously been modelled as a
lever system wherein forces from the epaxial musculature
act on the in-lever and forces within the buccal cavity act
on the out-lever [30]. This model assumed that the fulcrum
of this lever system was the post-temporal supra-cleithral
(PTSC) joint, such that only force generated dorsal to the ful-
crum would contribute to neurocranial elevation and force
generated ventral to the fulcrum would resist neurocranial
elevation. However, a more recent study found that the axis
of rotation (i.e. the fulcrum) for cranial elevation is positioned
at the level of the vertebral column—ventral to the PTSC joint
and ventral to most of the epaxial muscle in bass [31]. There-
fore, muscle positioned dorsal to the fulcrum, including the
middle and ventral regions (PPC and APC and sloping por-
tion between them), may contribute power to neurocranial
elevation. Indeed, bass activated the ventralmost epaxial
region (APC) significantly more often for high-performance
strikes than for low-performance strikes in both the cranial
and midbody positions (figure 2a,b), suggesting that APC
recruitment contributes to suction performance. Furthermore,
the correlation between weighted activation intensity and
peak pressure in both the cranial (figure 4b) and midbody
(electronic supplementary material, figure S3) regions
shows that greater areas of muscle—including the APC—
are recruited in order to produce observed changes in suction
performance. However, APC muscle fibres positioned very
close to the vertebral column may shorten very little and
potentially contribute more toward joint stabilization than
power production.

We suspect that bass maximize power output of the axial
musculature for swimming (i.e. fast-starts) but underuse it for
suction feeding. Maximizing power output from muscle,
though determined by many other factors [32-34], generally
requires meeting two conditions: all fibres within the
muscle must be activated and must shorten at an approxi-
mate rate of one-third of their maximum shortening
velocity [32,35]. Fast-starts met the first of these conditions
by activating all epaxial regions at high activation intensities
(figures 2 and 3), and though muscle shortening in swim-
ming has not been measured in bass, other species have
been shown to use optimal shortening velocities during
fast-starts [10,36]. By contrast, suction feeding met neither
of these strain-activation conditions, as bass used suboptimal
muscle shortening velocities [13] and low activation intensi-
ties (figure 3). Consequently, the epaxial musculature
generated submaximal power for most of their strikes. Inter-
estingly, non-Mauthner-dependent behaviours like sprinting
and turning often produced higher activation intensities
than those used for feeding, indicating that bass could—but
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did not—produce more power from the axial musculature for
feeding (figure 3).

The bass in our study performed turns characterized by slow,
high-amplitude body flexion where the head and tail nearly
touched. Because bass often used this behaviour for reposi-
tioning themselves and reversing their direction, with little
translation of the centre of mass, we were surprised to find
that white muscle was always active during these relatively
slow manoeuvres (figure 2a), often at intensities comparable
to those of sprinting (figure 3). We suspect that using white
muscle for a relatively slow behaviour like turning may be
due to the position of the muscle fibres relative to the
vertebral column rather than their contractile properties as
fast-twitch muscles. Although we cannot comment on the
activity or inactivity of red muscle fibres during these turns,
we speculate that the large distance between the superficial
red muscle and the neutral axis of bending (the vertebral
column) would require extreme shortening to produce con-
siderable lateral flexion [37]. However, deeper white muscle
fibres, being positioned closer to the neutral axis and oriented
oblique to the long-axis of the fish, have a higher gear ratio
and may be better for flexing the body with relatively less
muscle fibre shortening [38,39].

The evolutionary history of the axial musculature poses a
challenge: how do we best evaluate form—function relation-
ships in this dual-function structure? The conventional
approach has been to examine this muscle group from
either a swimming or feeding perspective. However, adopting
this strategy poses the risk of misidentifying form—function
relationships, as structures that appear to underperform
might actually be dual-function structures acting within the
context of their secondary function. Perhaps a more appropri-
ate framework would be one that identifies primary and
secondary functions by comparing muscle performance
during swimming and suction feeding. If only one function
fully exerts the muscle, it is reasonable to hypothesize that
selection pressure for that function may have been
more important in shaping its morphology and contractile
properties [40].

Although many fishes have co-opted the axial muscula-
ture for suction feeding, we are not aware of any studies
that have examined whether this co-opting has created
trade-offs in muscle function and performance. It is reasonable
to hypothesize that trade-offs exist between high-performance
undulatory locomotion and feeding, as both behaviours
recruit all regions of the epaxial musculature yet require dispa-
rate types of axial flexion. These different axial motions create
distinct strain gradients throughout the muscle mass—lateral
flexion in locomotion [41] and dorsoventral flexion in feeding
are likely to produce mediolateral and dorsoventral strain gra-
dients, respectively. Such non-uniform strain of the muscle
would likely negatively affect performance, as muscle fibres
would operate at different points on their force-length and
power-velocity curves, thereby decreasing power output.
Prior studies have hypothesized that the complex fibre archi-
tecture of the axial musculature functions as a gearing
system that homogenizes muscle fibre strain to allow for
high power production in locomotion [37,38,41,42]. However,
since the muscle strain gradient for suction feeding occurs on
a different axis, feeding would require a different gearing
system. Thus, performance trade-offs may exist at this
muscle-architecture level. Given such considerations, we
suggest that a dual-function framework is a strong conceptual
tool for examining and comparing form—function relation-
ships of the axial musculature in fishes with diverse
locomotor and feeding strategies.
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